(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
24 January 2002 (24.01.2002) 




PCT 



lllllllllllllllllllllllli 

(10) International Publication Number 

WO 02/07484 A2 



(51) International Patent Classification^: H05H 1/00 

(21) International Application Number: PCT/EPO 1/0765 8 



(22) International Filing Date: 

(25) Filing Language: 

(26) Publication Language: 



4 July 2001 (04.07.2001) 
English 
English 



(30) Priority Data: 

2000117336 
09/693,490 



4 July 2000 (04.07.2000) RU 
20 October 2000 (20. 10.2000) US 



(71) Applicant (for all designated States except US): 
LAMBDA PHYSIK AG [DE/DE]; Hans-Bockler-Strasse 
12, 37079 Gottingen (DE). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): BORISOV, 
Vladimir Mikhailovich [RU/RU]; ul. Solnechnaya, 



dom2, flat 55, Troitsk, 142190 (RU). KHRISTOFOROV, 
Oleg Borisovich [RU/RU]; Shipilovskij pr., dom 45, 
korpus 1, flat 117, Moscow, 115551 (RU). 



(74) Agent: VON HELLFELD, Axel; Wuesthofif 
Wuesthofif, Schweigerstrasse 2, 81541 Miinchen (DE). 



& 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, EI, GB, GD, GE, GH, 
GM, HR, HU, ID, XL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, 
SL, TJ, TM, TR, TT, TZ, UA, UG, US, UZ, VN, YU, ZA, 
ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, 
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF, 
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 

[Continued on next page] 



(54) Title: METHOD OF PRODUCING SHORT-WAVE RADIATION FROM A GAS-DISCHARGE PLASMA AND DEVICE 
FOR IMPLEMENTING IT 



< 

00 

o 



(57) Abstract: A method and apparatus 
produce short-wave radiation from a gas-dis- 
charge plasma, comprising pre-ionization 
of the gas in the discharge region between 
coaxial electrodes achieved through an axial 
aperture formed in one of the electrodes 
and initiation of a pinch-type discharge. 
In order to increase the efficiency, energy, 
average power and stability of the radiation 
of the gas -discharge plasma, pre-ionization 
is achieved by a flux of radiation having 
wavelengths from the UV to X-ray range and 
by a flux of accelerated electrons from the 
plasma of a pulsed sliding discharge initiated 
in a region not optically communicating with 
the axis of the pinch- type discharge, with a 
rate of growth of the discharge voltage across 
the region of more than 10^^ V/s, the fluxes of 
radiation and electrons being formed axially 
symmetrically and directed into the part of the discharge region outside the axis. In a device for implementing the method, the 
source of pre-ionization is disposed outside the discharge chamber and is designed in the form of an axially symmetrical system 
for forming a sliding discharge, said system comprising an elongated initiating electrode coated with a dielectric layer on the 
surface of which electrode a trigger electrode is disposed, the initiating electrode being arranged coaxially with the electrodes of 
the discharge chamber and formed in such a way that the dielectric layer is disposed in a region not optically communicating with 
the axis of the discharge chamber and one of the electrodes of the system for forming a sliding discharge being combined with one 
of the electrodes of the discharge chamber, a pulse generator being introduced into the device that has a rate of growth of output 
voltage of more than 10^^ V/s, the output of positive polarity of which is connected to the initiating electrode for forming the sliding 
discharge- A dielectric insert with an axial aperture can be introduced into the discharge chamber, on the surface of said insert there 
are disposed electrodes of the discharge chamber. 
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Method of producing short-wave radiation from a 
gas-discharge plasma and device for implementing it 



Background of the Invention 

1. Field of the Invention 

The invention relates to a method and device for producing extremely 
short-wave UV and soft X-ray radiation from a dense hot plasma discharge of 
pinch type. The field of application includes lithography, particularly in the 
spectral range around 13.5 nm, lasers in the short-wave UV and X-ray ranges, 
and X-ray microscopy. 

2. Discussion of the Related Art 

A method is known for producing short-wave radiation at X = 1 3.5 nm 
using a plasma focus (see U.S. patent no. 5,763,930, hereby incorporated by 
reference). However, a condition of efifective operation is the addition of 
lithium vapor to the inert gas contained in the discharge chamber, and this 
substantially complicates the design of the source of radiation and contaminates 
the space outside the discharge. 

A method of producing short-wave radiation with the aid of a z-pinch 
involving RF pre-ionization is devoid of this disadvantage, but the dielectric 
wall of the discharge chamber at which the pinch-type discharge is initiated is 
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subject both to exposure to powerful radiation flux and the substance that forms 
as a result of electrode erosion (see U.S. patent no. 5,504,795, hereby 
incorporated by reference). This limits the possibilities of achieving a long 
service life when this approaciki§ implemented. 

A close technical achievement is a method of producing short-wave 
radiation from a gas-discharge plasma that consists in the pre-ionization of gas 
in the discharge region between coaxial electrodes achieved through an axial 
aperture in one of the electrodes, and in initiating a pinch-type discharge (see 
German patent DE 197 53 696 Al, hereby incorporated by reference). 

The device for implementing this method contains a discharge chamber 
having two axially symmetrical electrodes optically communicating through an 
aperture formed in one of the electrodes, with a source of pre-ionization 
disposed outside the discharge chamber (see the '696 published application). 

In this method and device, pre-ionization is achieved by a low-current 
discharge that is automatically formed in a cavity of the cathode when discharge 
voltage is applied and that then propagates into the discharge gap through the 
aperture in the hollow cathode. The intemal dielectric wall of the discharge 
chamber may be disposed outside the zone irradiated by the discharge, and this 
enables a long service life to be achieved in a periodically pulsed operating 
mode. 

Disadvantages of this method and the device for implementing it are a 
low efficiency of conversion of the energy input into radiation in the short-wave 
range due to the low level of pre-ionization and its non-ideal spatial distribution 
in the gap between the electrodes of the discharge chamber. Since the 
pre-ionization is carried out substantially in the paraxial region of the discharge 
gap, increasing the cross-sectional area of a pinch-type discharge is made 
difficult at its initial stage, and this limits the possibility of increasing the energy 
and the average power of the short-wave radiation. In addition, the long time of 
formation (approximately 1 ms) of the automatic pre-ionization and of the 
initiation of a pinch-type discharge compared with the time interval between 
individual pulses and the low rate of growth (approximately 10^ V/s) of the 
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discharge voltage limit the possibility of achieving a high radiation energy 
stability from pulse to pulse. 

It is desired to provide an increase in the efficiency, average power and 
stability of short-wave radiation of a gas-discharge plasma. 

Summary of the Invention 

In accordance with this object, a method is provided for producing 
short-wave radiation from a gas-discharge plasma, including pre-ionization of 
the gas in the discharge region between coaxial electrodes achieved through an 
axial aperture formed in one of the electrodes and initiation of a pinch-type 
discharge. Pre-ionization is achieved simultaneously by a flux of radiation 
having wavelengths from the UV to X-ray range and by the flux of accelerated 
electrons from the plasma of the pulsed sliding discharge initiated in a region 
not optically commimicating with the axis of the pinch-type discharge. A rate 
of growth of the discharge voltage across the region preferably and 
advantageously exceeds 10^^ V/s. Fluxes of radiation and electrons are 
preferably formed axially symmetrically and are directed into part of the 
discharge region outside the axis. 

The method can be implemented by a device containing a discharge 
chamber having two axially symmetrical electrodes optically communicating 
through an aperture formed in one of the electrodes, with a source of 
pre-ionization disposed outside the discharge chamber. The source of 
pre-ionization preferably derives from an axially symmetrical system of forming 
a sliding discharge comprising an elongated initiating electrode coated with a 
dielectric layer, on the surface of which there is disposed a trigger electrode, the 
initiating electrode being arranged coaxially with the electrodes of the discharge 
chamber and formed so that the dielectric layer is disposed in a region not 
optically communicating with the axis of the discharge chamber and one of the 
electrodes of the system for forming a sliding discharge being combined with 
one of the electrodes of the discharge chamber, a generator having a rate of 
growth of output voltage of more than 10*^ V/s being introduced into the device, 
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the output of positive polarity of which is connected to the initiating electrode, 
while the output of negative polarity of the pulsed generator is connected to the 
trigger electrode of the system for forming a sliding discharge. 

A dielectric insert in which an axial aperture is formed is preferably 
introduced into the discharge chamber, and the electrodes of the discharge 
chamber are disposed on the surface of the dielectric insert. 

A cylindrical plasma envelope having high conductivity forms in the 
discharge region as a result of pre-ionization. This establishes the initiation of a 
pinch-type discharge under ideal conditions and ensures an increase in the 
output of short-wave radiation from the hot plasma discharge. In contrast to 
providing a substantially paraxial pre-ionization, the cross-sectional size of the 
pinch-type discharge is advantageously increased according to the invention 
when it is initiated. This makes it possible to increase the kinetic energy of the 
plasma substantially at the stage when it is compressed by the magnetic field of 
the discharge, and this ensures a more effective heating of the plasma column 
and an increase in the energy of the short-wave radiation, and also in its average 
power in the periodically pulsed mode. The use of a high rate of growth of the 
discharge voltage (more than 10^^ V/s) establishes a highly stable initiation of a 
homogeneous sliding discharge that achieves pre-ionization and, in turn, ensures 
the possibility of achieving a high stability of the energy .of the short-wave 
radiation from the plasma of the pinch-type discharge. 

Brief Description of the Drawings 

Figure 1 shows diagrammatically a device for implementing the 
preferred method. 

Figure 2 shows a device into whose discharge chamber a dielectric 
insert has been introduced. 

Incorporation by Reference 

The above cited references and discussion of the related art, and the 
invention summary are hereby incorporated by reference into this discussion of 
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the preferred embodiment, as providing alternative elements and features that 
may be used with elements and features of the preferred embodiment in accord 
with the present invention. For this purpose, the following additional references 
are hereby incorporated by reference: 

C. Stallings, et al., "Imploding Argon Plasma Experiments", Appl. Phys. 
Lett. 35(7), 1 October 1979; 

US patents no. 4,635,282, 4,504,964, 6,051,841, 3,961,197, 5,763,930, 
5,504,795, 5,081,638, 4,797,888, 5,499,282 and 5,875,207; and 

German patent publications DE 295 21 572 and DE 197 53 696 Al 

M. McGeoch, "Radio Frequency Preionized Z-Pinch Source for Extreme 
Ultraviolet Lithography, Applied Optics, Vol. 37, No. 9 (20 March 1998); and 

US patent applications no, 09/532,276 and 60/162,845, each of which is 
assigned to the same assignee as the present application. 

Detailed Description of the Preferred Embodiment 

The device comprises a supply source 1 that, in one case, comprises a 
storage capacitor with a commutator, charging induction coils, a pulse capacitor 
and a magnetic switch, and is connected to electrodes 2, 3 of the discharge 
chamber 4; a pulse generator 5, which is connected to the trigger electrode 6 and 
the initiating electrode 7 of the axially symmetrical system for forming a sliding 
discharge on the surface of the dielectric layer 8, and also a liquid coolant 9 and 
an insulator 10 of the discharge chamber. In Figure 2 there is disposed in the 
discharge chamber a dielectric insert 1 1 in which an axial aperture is formed and 
on the surface there are disposed electrodes 2, 3. 

The method of producing short-wave radiation from the gas-discharge 
plasma is preferably implemented as follows. 

When the supply source 1 is switched on, the voltage starts to increase 
between the electrodes 2, 3 of the discharge chamber 4. 

The pulse generator 5 is switched on and the voltage pulse is applied to 
the electrodes 6, 7 of the pre-ionizer with a rate of growth greater than 10^* V/s, 
between which electrodes a sliding discharge is initiated on the surface of the 
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dielectric layer 8. Alternative approaches to providing electrical pulses to 
preionization electrodes including wherein the preionization electrodes are 
coupled to the main electrodes, either directly or through capacitive, inductive 
and/or resistive elements for controlling the timing and/or magnitude of the 
preionization pulses with relative to main pulses, are understood to those skilled 
in the gas discharge arts. . . .. 

With initiation in a gas of low pressure, preferably < 10^ Pa, a beam of 
accelerated electrons is generated and, in the system for forming a sliding 
discharge, a homogeneous plasma layer that serves as a source of radiation 
having wavelengths from the UV to the X-ray range is formed on the surface of 
the thin dielectric layer. With the rate of growth of voltage, a high stability is 
achieved in initiating the sliding discharge from pulse to pulse and, in the 
energy balance of the pulsed sliding discharge at the stage when it is formed, the 
fraction of energy expended on the formation of the beam of escaping electrons 
and the generation of X-ray radiation becomes substantial. The negative 
polarity of the trigger electrode 6 with respect to the initiating electrode 7 
decreases the voltage amplitude between the electrodes by a factor of several 
times compared with the case where the polarity is reversed. Owing to the 
elongated design of the initiating electrode and, correspondingly, also of the 
surface discharge gap, that is to say with a length exceeding its cross-sectional 
size, a fiorther reduction is achieved in the initiating voltage of the sliding 
discharge in a gas at low pressure. All this reduces the electrical load on the 
dielectric layer and ensures the achievement of a long operational surface life. 
The combination of one of the electrodes of the system for forming a sliding 
discharge with one of the main electrodes of the discharge chamber, for 
example, electrode 7 with electrode 3, simplifies the design of the device. 

In an axially symmetrical system for initiating a sliding discharge with 
an initiating electrode coaxial with the electrodes of the discharge chamber, 
generated beams of accelerated electrons and irradiation are formed axially 
symmetrically. In this process, the beams of accelerated electrons and 
irradiation are emitted from a region not optically communicating with the 
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discharge chamber and disposed outside it Owing to the design and disposition 
of the system for forming the sliding discharge in the forai indicated, and also 
owing to the indicated choice of polarity of the applied voltage, the flux of 
accelerated electrons and the flux of radiation having wavelengths from the UV 
to X-ray range is introduced in a controlled manner into the discharge region. 
The radiation and electron beam propagates through the axial aperture in the 
electrode 3 into that part of the discharge region outside the axis that is optically 
communicating with the plasma layer of the sliding discharge and the gas in it is 
pre-ionized. As a result of the pre-ionization, a cylindrical plasma envelope is 
created between the electrodes 6, 7 of the discharge region. 

Between the electrodes 2, 3, there develops over the cylindrical plasma 
envelope a low-current discharge, the current of which is limited by the charge 
leakage current of the pulse capacitor of the supply source 1 through the 
magnetic switch. During the low-current discharge, the ionization of the plasma 
envelope increases, the ionization predominantly developing on the outside of 
the plasma envelope adjacent to the electrodes 2, 3 due to the skin effect. 

The magnetic switch opens and the pulse capacitor of the pulse source 1 , 
which is fully charged at this instant, discharges through the electrodes 2, 3 onto 
the plasma envelope created as a result of the pre-ionization and the flow of the 
low-current discharge. The plasma envelope is compressed by the magnetic 
field of the current flowing over it and it is confined to the axis of the discharge 
region for a short time. The column of the dense hot plasma that forms on the 
axis of the discharge region emits short-wave radiation. The usable part of the 
radiation leaves the discharge region through the aperture in one of the 
electrodes. During this process, the surface of the dielectric layer 8 disposed in 
the region not optically communicating with the axis of the discharge region is 
not subjected to exposure to hard UV and X-ray radiation, beams of charged 
particles and plasma fluxes generated on the axis of the discharge chamber 4. 
This ensxxres the achievement of a long operational life of the system for 
forming the sliding discharge. 
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The cycle of operation is repeated and, during the time between pulses, 
the device is cooled by a liquid coolant 9 circulating through the electrodes. 

The introduction into the discharge chamber of a dielectric insert 1 1 (see 
Figure 2) in which an axial aperture is formed and on the surface of which there 
are disposed electrodes of the discharge chamber, simplifies the conditions of 
efficiently producing short-wave radiation fi:om the gas-discharge plasma. First 
of all, reliable protection of the insulator 10 of the discharge chamber fi-om the 
radiation of the pinch-type discharge is ensured, and this increases the reliability 
of operation of the device within a wide range of operational parameters. 
Secondly, the inductance of the discharge chamber is reduced, and this makes it 
possible to reduce the expenditure of energy on producing a dense hot plasma in 
a pinch-type discharge and to increase the optical output of short-wave 
radiation. In addition, the plasma envelope created as a result of the 
pre-ionization is formed on the intemal surface of the cylindrical aperture of the 
dielectric insert, and this stabilizes the pinch-type discharge at stage when it is 
initiated. This results in an increase in the energy of the short-wave radiation at 
the final stage of the discharge and in an increase in its stability from pulse to 
pulse. Since the voltage between the electrodes on the surface of the dielectric 
insert is minimized as a result of the intense pre-ionization, the probability of its 
electrical breakdown is sharply reduced. Since the dielectric insert is not an 
element of the body of the discharge chamber, the mechanical loads in it are 
minimized. All this makes it possible to ensure a long operational service life of 
the device if a material is chosen for the dielectric insert that has a high thermal 
stability, for example silicon nitride Si3N4. 

Thus, the preferred method makes it possible to form a cylindrical 
plasma envelope that is optimirai in shape, dimensions and conductivity stably 
firom pulse to pulse as a resiilt of the pre-ionization, and this results in an 
increase in the efficiency, average power and energy stability of the short-wave 
radiation of the gas-discharge plasma. 

While exemplary drawings and specific embodiments of the present 
invention have been described and illustrated, it is to be understood that that the 
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scope of the present invention is not to be limited to the particular embodiments 
discussed. Thus, the embodiments shall be regarded as illustrative rather than 
restrictive, and it should be understood that variations may be made in those 
embodiments by workers skilled in the arts without departing from the scope of 
the present invention as set forth in the claims that follow, and equivalents 
thereof. 

In addition, in the method claims that follow, the steps have been 
ordered in selected tj^ographical sequences. However, the sequences have 
been selected and so ordered for typographical convenience and are not intended 
to imply any particular order for performing the steps, except for those claims 
wherein a particular ordering of steps is expressly set forth or understood by one 
of ordinary skill in the art as being necessary. 
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We Claim: 

1 . A method of producing short-wave radiation from a gas-discharge plasma, 
coniprising pre-ionization of the gas in the discharge region between coaxial 
electrodes achieved through an axial aperture formed in one of the electrodes 
and initiation of a pinch-type discharge, wherein pre-ionization is achieved 
simultaneously by the flux of radiation having wavelengths from the UV to the 
X-ray range and by the flux of accelerated electrons from the plasma of the 
pulsed sliding discharge initiated in a region not optically communicating v^th 
the axis of the pinch-type discharge. 

2. The method of Claim 1, wherein a rate of growth of the discharge voltage 
across the region exceeds 10^^ V/s. 

3. The method of Claim 2, wherein fluxes of radiation and electrons are formed 
axially synmaetrically and are directed into the part of the discharge region 
outside the axis. 

4. A device for producing short-wave radiation from a gas-discharge plasma, 
comprising a discharge chamber having two axially symmetrical electrodes, 
which chamber optically conamunicates through an aperture formed in one of 
the electrodes, with a source of pre-ionization disposed outside the discharge 
chamber, wherein the source of pre-ionization is designed in the form of an 
axially symmetrical system for forming a sliding discharge, which system 
comprises an elongated electrode coated with a dielectric layer on whose surface 
is disposed a trigger electrode. 

5. The device of Claim 4, wherein the elongated electrode is cylindrically 
formed. 
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6. The device of Claim 5, wherein the elongated electrode is arranged coaxially 
with main electrodes of the discharge chamber. 

7. The device of Claim 6, wherein the elongated electrode is configured such 
that the dielectric layer is disposed in a region not optically linked to the axis of 
the discharge chamber. 

8. The device of Claim 7, wherein one of the electrodes of the system for 
forming the sliding discharge is combined with one of the electrodes of the 
discharge chamber. 

9. The device of Claim 8, further comprising a pulse generator connected to the 
preionization electrodes and having a rate of growth of output voltage of more 
thanlO" V/s. 

10. The device of Claim 9, wherein an output of positive polarity of which 
generator is connected to the cylindrical electrode, while the output of negative 
polarity of the pulse generator is connected to the trigger electrode of the system 
for forming the sliding discharge. 

11. The device of Claim 10, wherein the discharge chamber includes a 
dielectric insert in which an axial aperture is formed, and the electrodes of the 
discharge chamber are disposed on the sitrface of the dielectric insert. 

12. The device of Claim 4, wherein the elongated electrode is arranged 
coaxially with main electrodes of the discharge chamber. 

13. The device of Claim 4, wherein the elongated electrode is configured such 
that the dielectric layer is disposed in a region not optically linked to the axis of 
the discharge chamber. 
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14. The device of Claim 4, wherein one of the electrodes of the system for 
forming the sliding discharge is combined with one of the electrodes of the 
discharge chamber. 

15. The device of Claim 4, further comprising a pidse generator connected to 
the preionization electrodes and having a rate of growth of output voltage of 
more than 10^^ V/s. 

16. The device of Claim 15, wherein an output of positive polarity of which 
generator is connected to the cylindrical electrode, while the output of negative 
polarity of the pulse generator is connected to the trigger electrode of the system 
for forming the sliding discharge. 

17. The device of Claim 4, wherein the discharge chamber includes a dielectric 
insert in which an axial aperture is formed, and the electrodes of the discharge 
chamber are disposed on the surface of the dielectric insert. 
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Fig.1 
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Fig. 2 
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